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Bone is a dynamic tissue that undergoes constant modeling and
remodeling. Gap junctional intercellular communication (GJIC) be-
tween the osteocytes, osteoblasts and osteoclasts play major roles in
bone formation and remodeling. The existence and activities of gap
junctions in osteoblasts have been elucidated by electron microscopic
[1,2], histological [3,4], electrical conductance, dye injection [5] and
1910 N. Batra et al. / Biochimica et Biophysica Acta 1818 (2012) 1909–1918dye transfer studies [6]. Gap junction, composed of two juxtaposed
hemichannels or connexons present on the surfaces of adjacent
cells, form a intercellular channel, which regulates cellular signaling
and function of various organ systems including, eye, ear, heart,
ovary and peripheral nerve (for review, see [7]). These junctions are
ubiquitously present in vertebrate cells, with few exceptions including
platelets, red blood cells and some neurons [8] and this ubiquity
makes these channels vital for proper maintenance of cellular homeo-
stasis. The gap junction forming proteins, connexins, are expressed in
all the different types of bone cells and tightly regulate signaling
among various bone cell compartments and overall osteogenesis. The
current review summarizes the recent ﬁndings regarding the role of
gap junctions and hemichannels in regulating the passage of molecules
through bone cells, intercellular signaling events, osteoblast differentia-
tion, mechanotransduction and overall bone development.
2. Gap junctions and hemichannels
Cellular communication between the different types of bone cells
located in the different regions of the bone is the key to proper func-
tioning of the bone. One of the most prevalent forms of communica-
tion in the bone cells is the direct transfer of molecules smaller than
1.2 kDa across the intercellular channels called the gap junctions [9].
Gap junctions represent a unique mode of interaction between adja-
cent cells, resulting from the formation of a transcellular aqueous
channel composed of two juxtaposed half channels called hemichan-
nels [10]. Both gap junctions and hemichannels are formed of a pro-
tein known as connexin. [7]. A hexameric array of six connexin
subunits (connexon) gives rise to a hemichannel and a conjunct of
the two hemichannels allow the formation of a complete channel,
the gap junction. Connexins are integral membrane proteins com-
posed of the four transmembrane domains, two extracellular loops,
an intracellular loop and intracellular amino and carboxyl termini.
The connexins which comprise a connexon could be same (homo-
meric) or different (heteromeric) [11–13]. Docking of two identical
connexins forms the homotypic junctions, whereas if two different con-
nexins join, they form the heterotypic junctions [8]. Multiple experi-
mental studies indicate an increasing possibility of formation of
heterotypic channels in native cells [14–16]. Until now, the human ge-
nomehas been shown to express around twenty-one different connexins
which are categorized into α, β and γ isoforms based on sequence ho-
mology. In addition, twenty connexin genes have been identiﬁed in
themouse genome [17]. Presence of a vast library of different connexins
in the various tissues of the mammalian cells suggests a major role for
the heterotypic GJIC in vivo. Much work has been done in the past and
more information is being added to determine the function of the con-
nexin hemichannels in various systems [18–28]. Unlike the classical
paradigm of the formation of a gap junction channel between two
cells, unpaired hemichannels open to the extracellular milieu, thereby
providing an alternative mechanism for the connexin function [29]. Ex-
istence of functional Cx43 hemichannels has been shown in several cells
including cardiomyocytes, astrocytes, osteoblasts, neural progenitors,
neurons and osteocytes [18]. Recent times have seen the emergence
of a new gene family called the pannexins, discovered in the vertebrates
[30–32]. Pannexins, like connexins, are capable of forming hemichan-
nels. So far, three isoforms of pannexins (Panx) have been identiﬁed
in the mouse and human genome (Panx1, Panx2, and Panx3). The dis-
tinct distribution of pannexin isoforms in the cochlea and brain has
been demonstrated [33,34]. Additionally, orthologs of mammalian con-
nexins, termed innexins have been characterized in the insect cells. The
innexins share structural similarity to the connexins and are wide-
spread in distribution [35]. Indeed, each connexin shows tissue or cell
type-speciﬁc expression, and most organs and cell types express more
than one connexin resulting in a variability of gap junction composition
and associated channel properties [36]. Moreover, connexin phosphory-
lation, and the interacting proteins inﬂuence the functional diversity ofconnexins in forming gap junctions and determine the molecular per-
meabilities, single channel conductance, charge selectivity, pore size,
etc. [37,38]. Permeability within the gap junction channels is a combina-
tion of several factors like size, interactionwith other solutes, or interac-
tion with channel-wall [39]. A previous report suggests that some
connexin mutations affect the passage of larger solutes without change
in single channel conductance [40]. However, previous studies have
shown that mutations of certain connexins, like Cx26 associated with
hereditary deafness, do not always result in non-functional channels
[41,42].
3. Gap junctions and hemichannels in the bone cells
Extensive distribution of gap junctions in the bone cells has been
conﬁrmed by highly specialized ultrastructural and histological studies
[3,4,43]. In the skeleton system, gap junctions are present in all the cells,
but are particularly abundant among the osteoblasts and osteocytes.
Though three different connexins, Cx43, Cx45 and Cx46 are expressed
in the bone cells, Cx43 is the most ubiquitously expressed in virtually
all types of bone cells including human bone marrow stromal cells [6],
mice, rat, bovine chondrocytes [44,45], mandibular bone and periodon-
tal ligament cells of teeth [46,47], newborn rat calvarial osteoblasts [48],
osteoblast-like MC3T3-E1 cells [49,50], primary chick calvarial osteo-
cytes [51], and osteocyte-likeMLO-Y4 cells [52]. The ubiquitous expres-
sion of Cx43 in all the bone cells makes it the most preferred candidate
for the formation of gap junctions, allowing the passage of molecules
less than 1.2 kDa to go across the channels and facilitate networking
among the different cells especially osteocytes and osteoblasts.Microin-
jection of anti-Cx43 antibody blocked the cell coupling in MC3T3-E1
cells, indicating that targeting Cx43 expression could affect the GJIC
[53]. On the other hand, Cx45 forms gap junction but with a smaller
pore size allowing molecules with molecular weight less than 0.3 kDa
to pass through [13,54,55]. Cx45 is expressed in several established
osteoblast cell lines and also in MLO-Y4 osteocytic cell line [56–58].
Interestingly, no expression of the Cx45 is detected in the osteo-
blasts, osteocytes or osteoclasts of the alveolar bone tissues of the
tooth, but only in the marrow cells [47]. Gap junctions formed by
co-expressing Cx43 and Cx45 exhibit properties that are characteristic
of one of the connexin components resulting in alteration of the inter-
cellular permeability of signaling molecules [13]. Data from another
study demonstrates that althoughmost of the connexins exhibit similar
permeability for cationic probes (Cx43, Cx45, Cx40 and Cx26), homoty-
pic Cx40 and Cx26 channels restrict the diffusion of anionic solutes.
Cx43 and Cx45 differentiate solutes based upon their size rather than
charge [39]. Other known connexins in bone are Cx40 and Cx46.
While Cx46 ismostly located in the cytoplasmof osteoblasts and cannot
be incorporated in the membrane to form the gap junctions [59], Cx40
has been observed indeveloping limbs, ribs and sternum, but its expres-
sion in adult skeleton is yet to be demonstrated [60].
3.1. Bone marrow stromal cell (BMSC)
The bone marrow stroma contains a variety of cell types with stem
cell-like features, which can differentiate into bone, cartilage, adipose
tissue and hematopoietic support tissue [61]. BMSCs serve as progeni-
tors for endosteal osteoblasts and have been used in transplantation
studies in vivo to generate bone [62–64]. Expression of Cx43 and Cx45
is reported in the bone marrow compartments [65]. BMSCs are shown
to communicate with each other [66] and the bone lining cells via gap
junctions [2], and gap junctional coupling in the stroma is shown to reg-
ulate the ratio of proliferation and differentiation of hematopoietic pre-
cursor cells [67]. Overexpression of Cx43 in BMSCs enhances both the
magnitude and spatial distribution of GJIC and the expression of osteo-
genic markers throughout the 3D cultures [68]. Panax notoginseng, the
Chinese herb which has long been used to treat bone fractures is shown
to potentiate osteogenesis of bonemarrow stromal cells bymodulating
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ing osteogenic potential of BMSCs. Furthermore, a recent study in
human bone marrow stromal cells reveals the role of Cx43 and Cx45
gap junctions in mediating secretion of CXCL12, which is essential for
the function of hematopoietic stem cells and progenitor cells [65].
3.2. Chondrocytes
These cells form the initial cartilaginous scaffold on which the
bone is eventually formed during endochondral ossiﬁcation. Prior to
the onset of chondrogenesis, cell to cell communication occurs during
prechondrocyte condensation [69,70]. Immunohistochemistry reveals
the expression of Cx43 in chondrocytes in vivo[45]. Rat growth plate
chondrocytes from both the perichondrial and reserve zone are also
shown to express high level of Cx43 mRNA [71]. Functional gap junc-
tional coupling between articular chondrocytes is revealed by dye
transfer experiments [72]. In the chick limb bud micro mass cultures of
chondrocytes, inhibition of gap junction function by 18α-glycyrrhetinic
acid (18α-GA), a gap junction blocker, decreases the production of pro-
teoglycans and type II collagen [73], suggesting that GJIC is required for
the differentiation of chondrocytes. Furthermore, in these cultures GJIC
is implicated to regulate BMP2 induced chondrogenic differentiation.
Although these in vitro studies point to the involvement of GJIC in
regulating chondrocyte function, in vivo data from Cx43 null mice
suggest that Cx43 may not be absolutely required in the growth plate
for bone growth, as there are no differences in size of long bones be-
tween wild type and knockout mice. However, possible compensation
by other connexin isoforms cannot be ruled out. Several in vitro studies
have revealed the role of GJIC in articular cartilage. Gap junctions are
shown tomediate and propagate intercellular calcium signaling in cul-
tured articular chondrocytes [74,75] and between articular chondro-
cytes and synovial ﬁbroblast cells [76]. In articular chondrocytes,
mechanical stimulation activates phospholipase C leading to an in-
crease in inositol 1,4,5 triphosphatewhich permeates through gap junc-
tions and stimulates the release of calcium in the neighboring cells [77].
3.3. Osteoblasts
In vitro studies identify the presence of functional gap junctions in
murine osteoblasts, odontoblasts and human osteoblasts [5,6,78].
Several studies suggest that Cx43 expression and GJIC modulate the
transcriptional activity of osteoblast-speciﬁc promoters [79–86]. Ex-
pression of Cx43 increases during osteoblastic differentiation [84]
and inhibition of GJIC delays their ability to differentiate and form
mineralized matrix [79]. A close correlation has been demonstrated
between the inhibition of GJIC and reduced osteoblast differentiation
through a negative effect on the transcription of osteblastic genes like
alkaline phosphatase (ALP), collagen 1α1, bone sialoprotein and
osteocalcin in addition to a decreased mineralization [79,84,87]. Osteo-
blasts may utilize GJIC to sense the osteocyte cell death and recruit the
osteoclasts to the site of death by making contact with the osteoclast
precursors through the timely expression of adhesion molecules on
their surface [88,89]. Adhesion molecules may facilitate the migration
of the osteoclast precursors to the site of action fromunderneath the os-
teoblast layer [88]. In addition to GJIC, primary human osteoblastic cells
express functional hemichannels under low extracellular calcium con-
ditions while transformed human osteoblastic cells (HOBIT) demon-
strate cellular uptake of Lucifer yellow dye and inositol triphosphate
by hemichannels from the external environment [90]. In osteoblastic
ROS 17/2.8 cells, activation of hemichannels is reported in response to
alendronate treatment [91].
3.4. Osteocytes
Differentiated osteoblasts or the osteocytes have surplus expres-
sion of Cx43 resulting in extensive GJIC within the osteocytes andbetween the osteocyte and the osteoblast. These cells comprise of
95% of the cells in the bone and remain viable for several years un-
like the osteoblasts and osteoclasts which survive only weeks and
days, respectively [92]. Although osteocytes are embedded deep
within the matrix of the bone, they are the forerunners sensing any ex-
ternal stimuli and communicating the signals to the respective cells. Os-
teocytes reside in the lacunae and communicate via long dendritic
processes extending through the canaliculi [93]. Osteocytes act as
mechanosensors of the bone, and ﬂuid ﬂow ormechanical perturbation
increases GJIC and opens osteocytic Cx43 channels [52,94–96].Mechan-
ical stimuli sensed by the osteocytes are converted to the biochemical
signals and transmitted to the neighboring osteocytes, osteoblasts, oste-
oclasts and the bone lining cells by the lacuna-canaliculi network [97].
Gap junctions present on the tip of the dendritic processes appear to
play a critical role in providing this communication [2]. A very recent
study performed in chick and mouse calvarial parietal bone shows
through FRAP analysis, the existence of cell to cell communication via
gap junctions in the 3D morphology of the osteocyte network [98].
3.5. Osteoclasts
Role of cell to cell communication in the osteoclasts is still naïve
compared to the osteoblasts and osteocytes. However, evidences
highlighting communication in osteoclasts through gap junctions
are emerging [4,99–102]. Both the osteoblasts and osteoclasts are
present at the bone remodeling compartment. Osteoblasts induce
the migration and differentiation of the preosteoclast which form
the mature multinucleated osteoclasts responsible for the process of
bone resorption [103]. Cx43 is also found in osteoclasts [4,99,104]
and has been suggested to play a role in the fusion of monocyte pre-
cursor cells to form multinucleated osteoclasts [99]. Inhibition of gap
junction function using connexin mimetic peptide, Gap 27, is reported
to cause decreased number of osteoclasts and, the osteoclasts that are
formed show reduced bone resorption ability [101]. An increase in
Cx43 mRNA is observed during parathyroid hormone (PTH) stimulated
bone resorption and use of gap junction inhibitors are shown to cause in-
hibition of PTH and 1,25(OH)2D3 stimulated osteoclast pit formation
[105]. Receptor activator of nuclear factor kappa-B ligand (RANKL) is a
member of the tumor necrosis factor (TNF) cytokine family which is a
key factor for osteoclast differentiation andactivation. RANKL-stimulated
osteoclastogenesis ofmouse bonemarrowcultures is inhibited by inhibi-
tion of gap junction function [106]. A gap junction inhibitor, carbenoxo-
lone signiﬁcantly inhibits osteoclastogenesis stimulated by PTH and
prostaglandin E2 (PGE2) inmouse bonemarrow cultures further implying
the importance of gap junctions [106]. Cumulative evidences fromvarious
studies taken together clearly indicate the extensive presence of dif-
ferent connexins in the various cells of the skeletal tissue and their
signiﬁcant contribution in the functioning of these cells.
4. Regulation of signaling by gap junctions and hemichannels
in bone cells
Interesting evidence from several model systems consistently sug-
gest that the unique proﬁle of connexins expressed by a particular cell
type can dictate the types of signals, secondmessengers andmetabolites
that are propagated among the cells [29]. In addition to the permeability
of the gap junctions, the repertoire of signal molecules at the gap junc-
tion plaques is a critical determinant of the functional consequences of
the signals passed among the coupled cells [29]. In the recent past, hemi-
channels have been shown to regulate the release of NAD, ATP, nitric
oxide (NO) and PGE2, and be involved in the response to pharmacologic
agents active on bone cells [96,107,108]. Regulated efﬂux of NAD from
Cx43 hemichannels in the bone marrow derived human mesenchymal
stem cells (MSC) leads to stimulation of MSC functions like prolifera-
tion, migration and release of PGE2[107]. Action of several kinases has
been reported to mediate gap junction and hemichannel activity
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MAPK kinase-dependent pathway [110]. Activation of ERK also affects
transcription of Cx43 genes in the osteoblasts [111]. Anti-apoptotic
agents like bisphosphonates utilize Cx43 hemichannels instead of
gap junctions to prevent osteoblast and osteocyte apoptosis by activa-
tion of Src kinase and ERK kinase. Another kinase, PI3K has also been
suggested to inﬂuence gap junction function. In a recent study from
our laboratory, we show that PGE2 increases osteocyte gap junction
function by transcriptional regulation of Cx43 through GSK-3/β-catenin
pathway mediated by independent activation of PI3K/AKT and cAMP-
PKA pathways [112–114].
Currently, understanding the role of GJIC in the complex process of
bone regeneration is an important focus. Interplay of several signaling
pathways, mechanical forces, cell-matrix interactions and the cell-cell
contact governs the formation of a complex 3D architecture and con-
trols various functions of the bone. It is believed that presence of
extensive GJIC network within the bone is a necessary platform
for obtaining spatial distribution of the signaling molecules and
the osteogenic differentiation markers [68]. A study shows that
GJIC coupled to BMP-7 dramatically enhances the osteogenic effect
of BMP-7 compared to BMP-7 alone, suggesting a synergistic effect
of GJIC possibly by efﬁcient distribution [68,115]. Interesting effects are
noticed in 3D cultures of the bone tissues where Cx43 is overexpressed
using lentiviral system. Increase in Cx43 expression results in enhanced
GJIC in the 3D cultures and more profound osteogenic differentiation
[68]. Intermittent and continuous administration of PTH promotes
bone homeostasis by inﬂuencing gap junctional activity [116–118].
Treatment with PTH has been associated with an increase in cell cou-
pling due to increased Cx43 expression in several osteoblastic cell
lines [119–121]. The type of cell under study and the developmental
stage of the cell are critical determinants of the PTH-dependent increase
in Cx43 levels [122]. Furthermore, studies in our laboratory show that
PTH facilitates bone growth through increase in Cx43 assembly leading
to high Cx43 protein levels on the cell surface and eventually enhance
gap junction formation [123]. In addition, gap junctions are involved
in diffusion of cAMP from osteoblasts to osteocytes [111,124,125].
Signals that pass through gap junctions can alter the transcription
of genes involved in bone homeostasis. In osteoblastic cells expres-
sing endogenous Cx43, overexpression of Cx45 has been shown to
interfere with the GJIC and regulate transcription of various genes like
osteocalcin and collagen 1α1 by altering the recruitment of Sp1/Sp3
transcription factors to the promoter [126]. This study suggests that in-
terfering with the GJIC could affect the signals passing through cells
which might have a role in the transcription of the genes involved in
bone function. In a previous study, the transfection of Cx45 into cells
that predominantly express Cx43 decreases the dye transfer and the ex-
pression of genes like osteocalcin (OC) and bone sialoprotein (BSP). In
contrast when Cx43 is transfected in Cx45 expressing cells, both cell
coupling and expression of OC and BSP increases [79].
5. Gap junctions and hemichannels in mechanotransduction of
the bone
Maintenance of tissue homeostasis requires the proper balance
between the mechanical and chemical signals affecting the bone
structure. Unlike osteoblasts and osteoclasts, osteocytes have been
known to be extremely sensitive to mechanical strain in the form of
shear stress with ability to communicate to the neighboring cells,
cells on the bone surface and those in the bone marrow. The unique
distribution of osteocytes within the canaliculi and lacunae suggests
a role for them as mechanosensory cells that translate physical signals
into pertinent biochemical responses in osteoblasts and osteoclasts.
Evidences show that osteocytes are connected to osteoblasts via func-
tional gap junctions [127] and suggest the importance of GJIC in
mechanotransduction in the musculoskeletal system [128,129]. In
an in vitro study, rise in ALP is observed in the osteoblasts onlywhen mechanical stimulation is applied to the osteocytes and not
the osteoblasts. Additionally, pharmacological inhibition of GJIC pre-
vents the change in ALP levels in osteoblasts which indicates the rele-
vance of gap junctions as a direct mode of communication between
the osteocytes and osteoblasts. Since gap junctions are the most direct
way of achieving the signals, their role in maintaining a synchronized
and cooperative behavior of cells in 3D tissue holds signiﬁcance. We
and others have demonstrated thatﬂuid ﬂow increases the gap junction
expression and function in the osteocytic MLO-Y4 cells [52,110,113].
Additional studies have shown the release of soluble factors like ATP,
PGE2 and NO from the osteocytic cells in response tomechanical signals
[108,112,130]. NO is a very short-lived free radical species which is
released upon mechanical stimulation and promotes bone formation
and inhibits resorption. Mechanical stimulation also leads to the
opening of Cx43 hemichannels and release of PGE2[96] and ATP
[108] from the osteocytes.
Although, the osteocytes are the most likely candidate to be the
mechanosensors in the bone but the molecular mechanism(s) by
which the osteocytes sense the mechanical load to initiate the intracel-
lular signaling cascade is still not well understood. Many molecules
serve as potential candidates with the capability to respond to physical
stimuli. Some of them include integrins [131], Cx43 hemichannels
[96,108] and ion channels like L-type voltage-dependent calcium chan-
nels [132]. β1 integrin if inhibited in osteocytic MLO-Y4 cells prevents
the release of PGE2 upon mechanical stimulation [131]. Studies by
others and us have tried to determine which part of the osteocytes
could be sensing the mechanical stimulus [133,134]. Increased forma-
tion of the dendritic processes of the osteocytes is observed upon appli-
cation ofﬂuid ﬂow on the osteocytes resulting in their orientation in the
direction of ﬂow [135]. The integrin attachments along the dendritic pro-
cesses amplify the level of strains on osteocytes, which appears to be ab-
sent from cell body [136]. Studies from our laboratory have shown that
glycocalyx of the osteocytic dendritic processes is needed for establishing
strong integrin attachments which serve as mechanotransducers and
communicate themechanical signals to the cell body leading to the open-
ing of Cx43 hemichannels [134].
Bone formation and remodeling are highly responsive to mechani-
cally induced calcium signaling. Calcium is required for maintaining nu-
merous functions of the bone, including proliferation and differentiation
of bone cells [137–140]. Previous studies have shown that mechanical
stimulation initiates the generation of an intracellular calcium wave
which could further propagate through the bone cell network and
give rise to an intercellular calcium wave observed in several different
cells, one of them being osteoblasts [141–143]. The upregulation of in-
tracellular calcium induced by ﬂuid ﬂow is directly correlated with
cell strain experienced by single osteocytes [144]. Diffusion of inositol
triphosphate between the neighboring cells through gap junctions
resulting in release of calcium from calcium stores is considered to be
themechanism behind the signaling process [145]. However, interesting
ﬁndings from two osteoblastic cell lines show the possibility of a differ-
ent and faster mechanistic pathway for propagation of calcium waves
across cells, involving ATP and activation of P2Y purinergic receptors
but independent of gap junctions [146]. Another recent study suggests
that binding of secreted extracellular ATP to the P2Y receptors activates
phospholipase C which in turn would activate IP3 leading to the release
of intracellular calcium stores. In this study, atomic force microscope
(AFM) nanoindenter has been successfully used to mechanically stimu-
late a single cell in the in vitro cell network and themost dominant path-
way of intercellular calciumwave propagation has been identiﬁed [147].
A new player in the ﬁeld of mechanotransduction of bone is the
cilia. Though, most cells in the mammalian body are covered by
cilia, however, their functional importance has been discovered just
a few years back. The primary cilia were discovered for the very ﬁrst
time in rat osteocytes over 30 years ago [148]. Recent studies have indi-
cated the role of primary cilia as a mechanosensor in adult bone homeo-
stasis [149–151]. Progress has been made to understand how the cilia
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through cilia-dependent increase in Cox-2 gene expression and release
of PGE2[149]. It has been demonstrated that ﬂuid ﬂow-induced increase
in OPG/RANKL ratio is eliminated due to pharmacological or siRNAme-
diated inhibition of cilia [149]. Indeed, ciliary dysfunction accounted for
several ciliopathies with bone abnormalities [152]. Recently, cilia have
been proposed to play a role in mechanosensation of osteocytes
through two of its components, PKD1 and 2which are shown to be pre-
sent in the bone [151]. In consideration of all these studies, contribution
of gap junctions and hemichannels as mediators for mechano-
transduction-induced signaling on the bone is inevitable and would
only expand in the near future.
6. Connexins and skeletal development
Gap junctions and connexins have been shown to play critical role in
development of bone in animalmodels aswell as in human. The expres-
sion of Cx43 is shown to be 80 fold higher in the neonatal marrow of
mice as compared to the adult mouse bone marrow [153], and this in-
crease could bedue to the enhancement of the communication between
stromal and stem cells. In the developing chick mandible, Cx43 is
expressed throughout mandibular bone formation and appears to
be involved in mesenchymal condensation and early stages of osteo-
genesis [154]. Cx45 expression appears to be associated with matrix
elaboration stages and appearance of differentiated osteogenic pheno-
type. In the tooth germ of neonatal rat, Cx43 is expressed early in the
differentiation process of ectodermally and ectomesenchymally derived
cells [155]. Cx43 expression is affected in the developing limb bud by
signals from the apical ectodermal ridge. In the developing chick
and mouse limb bud, Cx43 expression is detected in the zone of polar-
izing activity [156,157]. Inhibition of Cx43 expression in the chick em-
bryo by antisense oligonucleotides causes malformation of limbs,
truncation of the limb bud or complete splitting into two or three
branches [158,159], demonstrating the critical role of Cx43 in limb de-
velopment. Cx43 expression is shown to be spatially and temporally
regulated in the developing chick primordia [160].When Cx43 antisense
oligonucleotides are applied to organ cultures of dissociated embryonic
chick mandibular mesenchyme, bone formation is greatly reduced
[161] and when they are applied to the chick face primordium,
signiﬁcant facial defects are observed [158,162], possibly due to
downregulation of homeobox transcription factor Msx1. Msx1 and
2 knockout mice exhibit lack of anterior skeletal elements in the devel-
oping limb, whereas Msx1 knockout leads to cleft palate formation and
Msx2 knockout causes craniosynostosis [163,164]. Both endochondral
and intramembranous ossiﬁcation of the cranial vault are delayed in
the Cx43-null embryos [165]. These animals also show retarded ossiﬁ-
cation of the vertebrae, clavicle, ribs and limbs; however, the axial and
appendicular are normal at birth. Mineralization potential of the osteo-
blasts isolated from these null-mice is delayed as compared to those
from wild type and the diffusion of calcein from cell to cell is also com-
promised, suggesting a role of GJIC in maintaining osteoblast function
and subsequent skeletal development. Apart from role of Cx43 in regu-
lating vertebrae, limb and craniofacial development, a recent study ﬁnds
Cx43 to be critical for normal hematopoiesis [166].
The pleiotropic effects of occulodentodigital dysplasia (ODDD) in
human patients including syndactyly of the hands and foot, hypoplasia
or aplasia of the phalanges and craniofacial abnormalities, are caused by
over 24 different mutations in Cx43 [167–169]. A new mouse model
carrying a G60S substitution in Cx43 is identiﬁed by mutagenesis
screening, which exhibits bone defects very close to that of human
ODDD [170]. Apart from severe decreased bone mass and strength,
these mice also exhibit alteration of hematopoietic and progenitor
populations. The overall skeletal phenotype of the Cx43 null mice is
not as severe as the human ODDD, which could be due to compensation
by other connexins or the analysis of the knockoutmice at amuch earlier
age, since the animals die prenatally due to blockade of ventricle outﬂow.Thus to overcome the prenatal lethality of the Cx43 null mice and to
analyze the role of this connexin on adult skeleton, recently several
different bone speciﬁc conditional Cx43 knockout mice have been
generated using Cre recombinases, whose expression is driven by spe-
ciﬁc promoters, thus are active only in the osteoprogenitors, osteoblasts
or osteocytes. Micewith osteoblast speciﬁc deletion of Cx43 using colla-
gen Cre recombinase develop low peak bonemass, and osteopenic with
age [171]. These mice also have reduced bone formation, osteoblast
dysfunction and exhibit attenuated response to the bone anabolic
effects of PTH treatment. Furthermore, when these conditional knock-
outmice are subjected tomechanical loading using a four point bending
protocol on the tibia, Cx43 deﬁciency in these mice attenuates but does
not abolish the anabolic response to mechanical stimulation [172].
When these conditional knockout mice are subjected to a three point
bending, Cx43 deﬁciency results in thinner but larger tibial diaphyses
and attenuates the response to the anabolic effects of these physical
stimuli [173]. Mice with deletion of Cx43 in the chondro-osteogenic
lineage using Dermo1-Cre develop age related osteopenia mainly
due to enlargement of medullary cavity and cortical thinning caused
by increased endocortical bone resorption and increased periosteal
bone apposition [174]. Interestingly, deletion of Cx43 in mature osteo-
blasts using osteocalcin Cre has no effect on overall bone mass [175].
The response of these mice to glucocorticoid treatment is unaffected,
though these conditional knockout mice do not respond to the
anti-apoptotic effect of bisphosphonates as opposed to the control
mice. This contradictory observation on the effect of Cx43 on overall
bone mass could be due to deletion of Cx43 at a later stage of develop-
ment by osteocalcin Cre as opposed to Dermo or collagen Cre expressed
at earlier bone development. The other possible explanation for a lack of
phenotype using osteocalcin Cre could be because the BMD of these
mice is measured between 2 and 4.5 month of age and thus it cannot
be ruled out that lack of Cx43 in the osteoblasts and osteocytes could
have an impact on the skeleton after peak bone mass accrual. Though
no changes are observed in the cancellous bone compartment of verte-
bral bone of 4.5-month old conditional knockoutmice, there is increased
osteocyte apoptosis in the cortical bone. It is very likely that these apo-
ptotic osteocytes and osteoblasts accumulatedwith age affect the overall
skeleton at older age.
Not only bone mass, Cx43 is also shown to regulate bone size. In
Zebraﬁsh, mutation of Cx43 results in short ﬁn phenotype, possibly
due to reduced cellular proliferation or osteogenic differentiation
[176]. The transcription factor Tbx regulates expression of Cx43 both
in vitro and in vivo[125] andmicedeﬁcient in Cx40, a downstreamtarget
of Tbx5 exhibits axial and appendicular skeletal malformations similar
to Tbx5 deﬁcient mice [60]. This study reveals a critical role played by
Cx40 in regulating the proper development of axial and appendicular
skeleton. In the ODDD mice, the syndactylies are shown to be caused
by reduced interdigital apoptosis in the absence of Cx43-mediated cou-
pling [177]. Furthermore, it is also shown that the syndactyly in these
mice is caused most likely due to decreased levels of sonic hedgehog
and subsequent decrease in BMP2.
Apart from defective GJIC in Cx43 deﬁcient animals, decreased
hemichannel activity also may contribute to the delayed skeletal de-
velopment in these animals as the Cx43 deﬁcient animals created
using osteocalcin Cre fail to respond to the antiapoptotic effects of
bisphosphonates [175], which may exert pro-survival effects through
opening of hemichannels. Thus lack of pro-osteogenic signals permeating
through both gap junction and hemichannels seem to contribute to the
skeletal phenotype seen in the absence of Cx43.
Transgenic mice overexpressing miR206 have a low bone pheno-
type due to inhibition of osteoblast differentiation and Cx43 is
found to be a target of this microRNA. Restoring Cx43 expression in
miR206-expressing osteoblasts regains their ability to differentiate
[178]. Thus, inhibition of microRNA expression may provide therapeutic
strategy to treat bone diseases caused by Cx43 deﬁciency or decreased
gap junctional/hemichannel activities. All these data clearly demonstrate
1914 N. Batra et al. / Biochimica et Biophysica Acta 1818 (2012) 1909–1918that connexins greatly inﬂuence bone development and the difference in
phenotype observed in different models could have been due to possible
compensation by other connexins or the temporal expression pattern of
connexins during bone development.
7. Connexins and stem cell differentiation
Intercellular communication between cells in the stem cell micro-
environment is critical in determining cell fate. Cx31, Cx43 and Cx45
proteins are expressed in the undifferentiated mouse embryonic stem
cells (mESCs) [179] and these cells also have functional GJIC. Cellular
proliferation is reduced signiﬁcantly in Cx43 knockdown mESCs with
no effect on cell survival [179,180]. In addition, these knockdown cells
exhibit upregulation of differentiation markers, downregulation of
stem cell markers and failure to form embroid bodies [180], suggestingFig. 1. Gap junctions and hemichannels contribute to the maintenance of bone integrity and
(A). Schematic representation of the bone cell network containing the gap junctions (GJ) and
dritic processes (blue) make connections with the osteoblasts (green) and the osteoclasts (b
row stromal cells (BMSCs). The HC on the osteocytic cell body interacts with the extracellu
several factors like ﬂuid ﬂow (mechanical stimulation), PTH (hormonal stimulation) or PNS,
molecules are signaled across the two communicating cells to regulate several cellular functi
by ﬂuid ﬂow, calcium and bisphosphonates, and release PGE2, ATP, NAD and calcium to thethat GJIC is required tomaintain these cells in an undifferentiated stage
and initiate differentiation.
Though previous studies show abundance of only Cx45 and Cx43
mRNA in hESC [181–184], another study showed mRNA expression
of almost all connexins, except Cx40.1 and Cx50 [185]. GJIC between
these hESC is revealed by dye coupling and ionic coupling [185,186].
Furthermore, the pluripotent factors Oct4, Sox2 and nanog are
shown to co-occupy the promoter regions of Cx43 to increase its expres-
sion [187], suggesting the role of Cx43 in maintaining pluripotency of
hESC. Inhibition of gap junction function by 18α-GA results in increased
apoptosis and reduces colony growth of hESC grown in low serum; how-
ever, the gap junction blocker has no effect on hESC grown in fetal calf
serum [186]. Future studies using small interfering RNA or dominant
negative approach would help to determine speciﬁc role of connexins
and GJIC in regulating hESC function. Mesenchymal stem cells (MSCs)function by allowing the exchange of bone modulators through the bone cell network.
hemichannels (HC). The osteocytes embedded in the bone matrix with their long den-
rown) through the gap junctions (pink). Presence of GJ is also shown in the bone mar-
lar environment. (B). Upper panel shows that gap junction channels are stimulated by
IL1β (chemical stimulation), which results in increased activity of gap junctions. These
ons of the bone cells. Lower panel shows that hemichannels can open upon stimulation
external environment leading to activation of several signaling pathways.
1915N. Batra et al. / Biochimica et Biophysica Acta 1818 (2012) 1909–1918can readily differentiate into adipose tissue, tendon, cartilage and bone
[188]. Human MSCs express Cx40, Cx43 and Cx45, and form functional
gap junctions [189]. Furthermore, GJIC between hMSCs and umbilical
vein endothelial cells is shown to promote osteogenic differentiation of
MSC [83]. Though, these studies point to the presence of connexins and
functional gap junctions in stem cells, future studies should address sev-
eral important issues including the role of gap junctions in determining
the commitment and differentiation of these stem cells, and the identity
of molecules that passes thorough these channels to modulate stem cell
function.8. Conclusions and perspectives
Gap junctions and hemichannels are critical players in modulating
the anabolic function of the bone cells and impairment of these chan-
nels lead to pathological conditions of the bone. As summarized in
Fig. 1, gap junctions and hemichannels comprise of a part of the bone
cell network andmediatemultiple functions in the bone cells. Currently,
a clear demarcation of the role of gap junctions, hemichannels or both in
the respective pathways is still a challenge with limited techniques to
distinguish the two channels. Our laboratory and others have attempted
to address this issue by using either an antibody or peptides directed
against the extracellular loop domains of Cx43 that efﬁciently blocks
Cx43 hemichannels, but is ineffective in blocking the gap junctions,
wherein the loop is inaccessible. However, there are limitations
with regard to the size and generation of antibody. In addition,
higher concentrations of peptides are also known to inhibit gap junc-
tion function. Therefore, there is a need for inexpensive and speciﬁc
chemical inhibitors that can target the gap junction, but not the
hemichannels or vice versa. Also, ubiquitous presence of gap junc-
tions within the cell to coordinate tissue functions and homeostasis
explains for the compromised development of the tissues and organs
due to the loss of GJIC. Undoubtedly, lack of ability to replicate the
3D structure of the bone tissue comprising of intact gap junctions
has limited our understanding of the signiﬁcance of GJIC in the pro-
cess of bone regeneration. Hence, tissue engineering techniques that
advance the possibility of mimicking the interior of the bone tissue
as occurring in vivo will greatly aid the current measures directed to-
wards involvement of GJIC in bone regeneration. Another interesting
future direction is to determine the molecular mechanism through
which cilia performs its mechanosensory role in the bone. We dis-
cussed earlier the involvement of cilia in the osteocytic response to
ﬂuid ﬂow led to an increased PGE2 release. A similar functional con-
sequence is obtained from the opening of Cx43 hemichannels upon
mechanical stimulation of osteocytes indicating that the cilia could
be mediating its effect through Cx43 channels but this aspect warrants
further investigation. Additionally, in vitro and ex vivo studies have
generated quite an interest to determine the orientation of the primary
cilium within the osteocyte lacunae and if it changes upon mechanical
loading. Several possibilities about the involvement of integrins on the
cilial membrane and direct contact with microtubules could promote
cilial deformities. Until now the studies on mechanotransduction by
cilia in bonehave been performed only in vitro. There is a need to extend
the ﬁndings in the in vivo system. The current emerging role of the con-
nexins in bone development promises more discoveries in future
highlighting the signiﬁcance of connexins in this ﬁeld. Identifying and
targeting the microRNAs inhibiting connexin expression in bone
diseases could be a major accomplishment towards drug designs and
therapeutic applications.Acknowledgement
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